Pseudomonas roseus fluorescens produces, besides the Fe2+ chelator proferrorosamine A, Fe3+-chelating compounds, called siderophores. The production of proferrorosamine A and siderophores by P. roseus fluorescens appears to be controlled in a similar way by the concentration of available iron and by the concentration of dissolved oxygen. The higher the concentration of iron available for the microorganism, the lower the production of both chelating compounds. However, the production of siderophores was much more sensitive to iron availability than was proferrorosamine A production. Proferrorosamine A and siderophores were only produced in minimal medium C if the concentration of dissolved oxygen ranged from 4.5 to 2.0 ppm. At higher or lower concentrations, none of the iron-chelating compounds were produced. Furthermore, it has been shown that proferrorosamine-negative Tn5 mutants of P. roseus fluorescens were able to form siderophores only under iron-limiting conditions when proferrorosamine A was added to the medium. Our data suggest that proferrorosamine A production is essential for siderophore synthesis by P. roseusfluorescens; the production of siderophores occurred only when proferrorosamine A was present.
Iron is essential for higher organisms but is also a very important mineral in microbial physiology. Research on the mechanisms developed by microorganisms to combat the low solubility of iron under aerobic conditions and at physiological pH resulted in the isolation and characterization of a great number of Fe3+-chelating compounds, called siderophores (16) . Siderophores are generally produced by aerobic and facultative anaerobic microorganisms. They are low-molecular-weight compounds with high chelating affinity for Fe3" ions (11) . Siderophores are produced under iron-limiting conditions and are considered to be important for iron uptake (3, 17) .
Besides the siderophores, only a small number of microbial compounds with a high affinity for Fe2" have been isolated (2, 14, 15, 25) . It is not clear yet why aerobic or facultative anaerobic microorganisms synthesize compounds with high affinity for Fe2+ because in their environment, iron is mainly present in the oxidized ferric form.
In view of the possible applications of microbial Fe2+-chelating compounds, for example, in lactic acid fermentations (4, 5) , it is important to acquire more information on their physiological role and the regulation of their biosynthesis. This information could be useful in evaluating the optimization of production and the applicability of the Fe2+
chelators.
This work concentrates on the Fe2+ chelator proferrorosamine A, produced by Pseudomonas roseusfiuorescens. P. roseusfluorescens was first isolated in 1937 by J. C. Marchal from a drinking water reservoir in Nancy, France (20) . Many years later, about 1965, Hegeman and Stanier in Berkeley, Calif., isolated the same bacterium from a soil extract (22) . Proferrorosamine A (2,2'-pyridyl-1-pyrroline-5-carboxylic acid) saturated with Fe2+ is called ferrorosamine, a pink complex with an absorption maximum at 556 nm. The * Corresponding author. structures of proferrorosamine A and ferrorosamine are given in Fig. 1 . The high affinity for Fe2" is due to the ot-diimine structure of the 2(2'-pyridyl)pyrroline. The production of proferrorosamine A by P. roseus fluorescens is inversely correlated with the concentration of available iron in the medium (19) . Proferrorosamine A, however, is not produced only by P. roseus fluorescens; it is also a metabolite of Erwinia rhapontici (9) .
Until now, it was not clear whether P. roseusfluorescens also produces the Fe3+-chelating siderophores under ironlimiting conditions. Proferrorosamine A seems to be the equivalent of a siderophore for Fe2+; proferrorosamine A has a low molecular weight, it has a high affinity for Fe2 , and its production is dependent on the amount of iron available.
The study presented here was undertaken to find out whether proferrorosamine A, hereafter called proferrorosamine, could be important for iron uptake by P. roseus fluorescens. First, it was shown that P. roseus fluorescens also produces siderophores. Second, the production of proferrorosamine and siderophores was studied under different conditions of oxygen and iron availability. Finally, proferrorosamine-negative (Pro-) mutants of P. roseusfluorescens were compared with the wild type. The results obtained were used to propose a hypothesis on the physiological role of proferrorosamine.
MATERIALS AND METHODS
Bacterial strains and culture conditions. The bacterial strain used in this work was P. roseusfluorescens, obtained from R. Shiman (16) . Filter disks with the supernatant of P. roseus fluorescens altered in iron-limiting medium C were placed on the inoculated LEDDHA plates. Only microorganisms that are able to produce siderophores can grow on LEDDHA agar under these conditions. For negative and positive controls, disks with medium C and with FeCl3, respectively, were also put on the plates. To check whether proferrorosamine could induce growth on LEDDHA agar, a disk with proferrorosamine was included. The FeCl3 and supernatant disk plates showed growth after 4 days; the medium and proferrorosamine disk plates showed no growth after 15 days. This indicates that proferrorosamine does not interfere and that the growth of P. roseus fluorescens on LEDDHA could only be induced by the presence of siderophores in its supernatant.
The procedures of Arnow (1) When dilutions were made so that 0.450 < R < 0.900, the siderophore concentration was determined with a standard deviation of less than 5%.
Influence of iron availability on proferrorosamine and siderophore production. The influence of the concentration of iron that is available was demonstrated by comparing the production of proferrorosamine and siderophores in medium C containing different amounts of Fe2. Medium C is a nutrient-poor medium and is iron-limiting for P. roseus fluorescens. To medium C was added 0, 2, or 200 puM FeSO4 and 0, 10, or 1,000 ,uM Fe2O3. Both siderophore and proferrorosamine concentrations are expressed in terms of the amount of iron that was chelated ( Table 1) . The higher the concentration of iron in the medium, the lower the production of proferrorosamine. The same relationship was observed for siderophore production. However, the production of siderophores was much more sensitive to iron availability than proferrorosamine production was (Table 1) . Siderophore production was completely repressed by addition of 200 ,uM FeSO4 to the medium, while proferrorosamine production decreased to ca. 30% of the control value. Siderophore production was significantly lower than in the control after addition of insoluble Fe203; proferrorosamine production, however, did not change.
Relationship between oxygen and siderophore and proferrorosamine production. The production of proferrorosamine as well as siderophore synthesis was regulated by the concentration of available iron. Because of the relationship between oxygen supply and iron availability, the production The siderophore concentrations for different levels of DO are presented in Fig. 3 . Siderophores, like proferrorosamine, were only produced at DO concentrations from 4.5 to 2.0 ppm. The maximal level of siderophore production was reached in the region of 3.0 ppm DO.
The siderophore concentration and proferrorosamine concentration as a function of the DO concentration are summarized in Fig. 4 . The correlation between proferrorosamine and siderophore production is striking. Both iron chelators were produced in the same range of DO concentrations. The optimal oxygen concentration for the production of both compounds for the given conditions was ca. 3.0 ppm. No oxygen levels could be found under which either proferrorosamine or siderophores were produced; both types of chelating compounds were synthesized or neither was. This indicates that proferrorosamine production and siderophore production by P. roseus fluorescens are coupled.
Proferrorosamine-negative mutants ofP. roseusfluorescens. Lasseur's medium is expressed as pink colonies (19) .
The TnS transposon in the vector plasmid pSUP10141 is supplemented with the tetracycline resistance fragment of RP4 and has a total length of ca. 10 kb (23) . The sizes of the single plasmid in the wild type (75 kb) and in randomly selected Pro-Tn5 mutants were compared. No differences in size between the plasmid of the wild type and the plasmids of the Pro-mutants were noticed on a 0.5% agarose gel. This indicates that the Tn5 of the Pro-mutants was inte- The production of proferrorosamine and of siderophores by P. roseusfluorescens appears to be controlled in a similar way by the concentration of available iron. The higher the concentration of iron available for the microorganism, the lower the production of both chelating compounds. The decrease in proferrorosamine production as the concentration of iron in the medium increases was reported earlier by Pouteau-Thouvenot et al. (19) . The production of siderophores, however, is much more sensitive to iron availability than that of proferrorosamine. The addition of 10 ,uM insoluble Fe2O3 to the iron-limited medium C resulted in a significant decrease in siderophore production ( Table 1) .
Proferrorosamine production, however, was not inhibited. In contrast to the siderophores, proferrorosamine was still formed when 200 puM FeSO4 was added to the medium.
The amount of iron that is available for microbial growth is affected by oxygen in a direct and indirect manner. Oxygen directly influences the oxidation state of iron and consequently also affects the solubility of iron. Oxygen indirectly affects the need for iron because it influences the synthesis of several iron-containing components, such as cytochromes (7, 13) . The production of proferrorosamine by Erwinia rhapontici and P. roseusfluorescens was affected by changing the level of DO in the medium (9, 10) .
The results presented show that oxygen is indeed a very important parameter for the production of the Fe2+ and Fe3+ chelators by P. roseus fluorescens. Proferrorosamine and siderophores were only produced in the minimal medium C at DO concentrations between 2.0 and 4.5 ppm (Fig. 2 and  3) . At lower or higher concentrations, none of the ironchelating compounds were produced. To our knowledge, total inhibition of siderophores at high oxygen concentrations has not been reported yet. The inhibition of siderophore synthesis at high oxygen levels was probably not due to the toxicity of oxygen, as the total biomass of P. roseus fluorescens at DO levels above 3.5 ppm was even higher than at lower oxygen levels (Fig. 4) .
The results in Fig. 4 suggest that the first growth limitation (1.5 to 3.0 ppm DO) was due to iron limitation, as we noticed an increase in proferrorosamine and siderophore production. Above 3.0 ppm, biomass production increased and siderophore and proferrorosamine production decreased. The higher biomass production can be only partially explained by the inhibition of iron chelator synthesis (more energy for growth). We therefore assume that the increase in growth was predominantly due to the fact that medium C at DO levels above 4.0 ppm was not iron-limiting for P. roseus fluorescens and that the second growth limitation (at DOs above 4.5 ppm) was caused by further depletion of the growth medium.
As mentioned before, the need of microorganisms for iron is affected by oxygen. However, further research is essential, as the effect of oxygen on the metabolism of microorganisms is diverse and complex. The results presented in Fig. 4 serve the original purpose of the experiments and show that proferrorosamine and siderophore production by P. roseusfluorescens is indeed coupled.
It was also noticed that the proferrorosamine-negative (Pro-) mutants of P. roseus fluorescens lost their ability to produce siderophores on iron-limited medium. However, when proferrorosamine was added to the medium, the Promutants were able to form siderophores again.
The results presented show that the synthesis of proferrorosamine and siderophores by P. roseus fluorescens is functionally coupled in some way. The production of siderophores only occurs if proferrorosamine is produced, but the converse is not true (Fig. 4; Table 1 ). A certain concentration of proferrorosamine seems to be essential for the production of siderophores by P. roseusfluorescens. So far, evidence permitting the postulation that Fe2+-chelating compounds play a role in iron uptake by aerobic and microaerophilic microorganisms has not been available. However, in this report, it has been shown by several experiments that the Fe2" chelator proferrorosamine is essential for siderophore-mediated iron uptake in P. roseus fluorescens.
The results obtained could indicate that siderophore synthesis by P. roseus fluorescens is regulated by the concentration of proferrorosamine. Siderophores are only synthesized if a certain amount of proferrorosamine is formed. The production of proferrorosamine in turn is regulated by, e.g., the concentration of available iron and the amount of DO.
Further research is necessary, not only to obtain more details about the role of proferrorosamine in the iron uptake system of P. roseus fluorescens, but also to investigate whether the same relationships can be found in other microorganisms producing compounds with high affinity for Fe2+.
